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Abstract This paper investigates the damage detection based on the propagation of guided wave
in bimetal composite pipes, which can identify damage locations in both axial and circumferential
directions. The feasibility of the method is showed by numerical simulations using FEM code ANSYS.
Mode analysis is used to evaluate the guided wave mode and its structure, which can provide the
basis of the mode selection in measurements scheme. The guided wave propagation in a damaged pipe
is computed by transient analysis. 16 nodes around the pipe wall, as probes, are used to record the
guided wave signal. When Pseudo Margenau–Hill distribution (PMHD) for each signal is carried out,
three types of modes could be found, which are led mode, excited mode and lag mode in sequences.
Based on the results, the arrival time of the excited mode could be used to locate damage in axial
direction, and the energy distribution around the pipe of lag mode is consistent with the damage in
circumferential direction. The simulation illustrated the possibility of detecting damage location in
both axial and circumferential directions based on longitudinal ultrasonic guided waves only. c© 2011
The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1102104]
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With the extensive application of pipelines in mod-
ern industry, a common requirement of these products
is that they must work safely. Early damage detection
provides a possibility of ﬁnding and repairing the defects
in time. This is a way to maintain safe performance
for the pipeline. In the past, many researchers pay at-
tentions on the development of NDT technique, such
as ultrasonic testing (UT), radiographic testing (RT),
eddy current testing (ET), acoustic emission (AE), etc.
Most of these techniques scan the structures in a point-
by-point manner. And the structures had to be scanned
under the conditions of removing the coating with the
suspension of production. It becomes very expensive
and time-consuming when full inspection coverage is
needed.
Recently, the ultrasonic guided waves techniques at-
tracted much interest among researchers and engineers,
where the whole pipe wall could be fast scanned as a
guided wave was propagating along the pipeline.1 The
theoretical foundation is that the guided wave can be
partially reﬂected when they encounter abnormal sur-
face features (such as welds, branches, drains, corrosion
patches, etc.) that locally change the geometry of the
pipe. The key of the success of this technology lies in the
development of the stress wave theory. Early, Meitzler
(1961), Zemanek(1972) and Bainton (1979), reported by
Rose,2 classiﬁed the guided wave in pipe-like structure
into two types: circumferential guided wave which prop-
agates in axisymmetric mode T(0,m) and longitudinal
ones, including axisymmetric mode L(0,m) and nonax-
isymmetrical mode F(n,m). To simplify signal analysis,
a countless number of guided wave modes at particu-
a)Corresponding author. Email: yhx5324@126.com.
lar frequencies should be selected for a particular NDE
problem. The mode and frequency choice has a strong
inﬂuence on NDE and damage detection. To excite the
speciﬁc guided wave modes, Rose et al.3 proposed comb
transducers technique, where the guided wave of sym-
metry mode (S0, S1, S2) and antisymmetry mode (A0)
are exited. In pipe-like structures, L(0,2) with low fre-
quency ranging from 25 kHz to 100 kHz is a good candi-
date for damage detection in view of propagation speed,
dispersion, mode conversion and wave energy, etc. For
example, Liu et al.4 studied propagation characteristics
of the ultrasonic guided wave in a pipe ﬁlled with water
by numerical simulation and experiment. They found
L(0,2) can propagate a long distance along the pipe wall
and is little aﬀected by the water compared with other
modes.
In oil and gas production, lots of sulfur-compounds
(hepatic gas, sulfur dioxide and sulfur trioxide, etc.)
present a serious threatens for the safety of transfer
pipeline. To prolong the service life and ensure oper-
ation safety of the pipe, the bimetal pipe with one re-
sistant layer is widely adopted to transfer the oil and
other chemical products. So the propagation character-
istics of waves in composite pipes and suitable damage
detection techniques need to be studied and developed.
For example, Liu4 studied propagation characteristics
of the ultrasonic guided wave in a pipe ﬁlled with water
by numerical simulation and experiment. And Zhou et
al.5 proposed a numerical approach to study the guided
elastic wave propagation in cylindrical pipes with spe-
ciﬁc features of homogeneities, etc.
In this paper, a bimetal pipe, which consists of an
inner layer made by alloy Incolog825 and an outer layer
made by steel NT80ss, will be studied. The longitudinal
guided wave mode in the bimetal pipe will be evaluated
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Fig. 1. Model of the bimetal composite pipe.
by mode analysis. Based on this, the longitudinal mode
guided wave is selected to check the damage situation
occurred in the pipe. Both the location in axial and
circumferential directions are identiﬁed. Finally, a sim-
ulation will be used to validate the present method and
illustrate its feasibility.
For the bimetal pipe shown in Fig. 1, the displace-
ment ﬁeld for each layer satisﬁes Navier displacement
motion equation. Without considering the body force,
the control equation is written as2
(
λi + μi
)
U i + μiU i = ρi
∂2U i
∂t2
, (i = 1, 2) (1)
in which subscript i denotes the speciﬁc layer; λi, μi are
lame constants of the corresponding layer; ρi and U i
are the material density and the displacement vector
for the ith layer. The semi-inverse method is used to
solve the partial diﬀerential equation in general. So, the
displacement components could be supposed as
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here, ur, uθ and uz are the displacement components.
Ur(r), Uθ(r) and Uz(r) are the corresponding displace-
ment amplitude, which can be expressed by Bessel func-
tion or revision ones. The boundary condition at the
exterior and inner surfaces, and the continue condition
between the resistant material layer and the steel layer
can be written as
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in which, r1 is the inner radius of the resistant layer; r2
is the outer radius of the resistant layer, or the inner ra-
dius of the steel layer; r3 is the outer radius of the steel
layer. Using Hooke’s law, the stress can be represented
by the displacement components. As a result, the so-
lution of the Navier Eq. (1) is unique under boundary
conditions (3)–(5).
When a wave propagates in a bounded structure,
the problem can be solved both as wave solution and
vibration solution. The essence in deriving wave solu-
tion and vibration solution was illustrated by Ma etc..6
Therefore, to study the mode of the pipe can help us
roughly predict the manner of the wave propagation.
Cheng7 evaluated the wave propagation mode using
mode analysis in ANSYS . In this section, mode anal-
ysis of free pipe will be conducted, based on which the
wave structure will also be discussed. The FE mode of
the 0.4 m-in-length pipe is created in ANSYS, which
have 7 elements in r-direction, 20 elements in 1/4 cir-
cle and the element length in z-direction is 4 mm. Only
longitudinal waves, i.e. L(0,m) and F(n,m) wave will be
discussed in this paper. The pipe’s other geometric and
material parameters are listed in Tab. 1. Using element
solid 45, the ﬁrst 80 modes are calculated.
For higher speed and little dispersion, L(0,2) is fre-
quently used for damage detection in the guided wave
techniques.4,5,7 Figures. 2(a)–2(c) show three mode of
the free pipe, corresponding to guided wave mode
L(0,2), F(4,1) and F(4,2), respectively. Furthermore,
the displacements distribution of the nodes along the
pipe wall thickness are used to discuss the wave struc-
ture, which provide a theoretical foundation for se-
lecting the mode in the case of stronger penetrability
and determining the measurement direction of the sen-
sors. The corresponding mode structures are plotted
in Figs. 2(d)–2(f) based on FEM. Obviously, the dis-
placement in θ-direction uθ is very close to zero. The
components uz and ur are cardinal for L(0,2) while only
ur is cardinal for F(4,1) and F(4,2). One point should
also be noted that the displacement of the point on in-
ner wall is larger than that on the outer wall. Ideally, it
is more sensitive if the displacement of the inner wall is
measured, however, the measurements could be carried
out only on the outer wall. In spite of this, it is consid-
ered that L(0,2) could be obtained by measuring uz of
the point on the outer wall, which can reject the ﬂexure
mode as soon as possible.
In this section, the longitudinal guided wave of
L(0,m) will be excited in a 0.8 m-in-length bimetal
composite pipe. And the other parameters of the pipe
are listed in Tab. 1. The actuating signal consists of
10-cycle sine waves at 100 kHz modulated by a han-
ning window. The symmetrical loading was imposed
on all nodes at the pipe end to generate the longitudi-
nal guided wave. P1 ∼ P16 in Fig. 3 are the circum-
ferential positions of the probes which are adequately
distributed around the wall and at 80 mm from the ex-
cited end. The damage is simulated by shrinking the
elements at the inner wall of the pipe. Here, a 1/4
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Table 1. The geometric and material parameters of the bi-metal composite pipe.
i Material E (kN/mm2) υ ρ (g/cm3) Thickness (mm) Inner radius (mm)
1 Incolog825 212.4 0.3 8.64 1.00 37.05
2 NT80ss 210.0 0.3 7.85 6.45 38.05
Fig. 2. Examples of longitudinal modes and ﬂexural modes and their structures (a) mode L(0,2); (b) mode F(4,1); (c) mode
F(4,2); (d) structures for L(0,2); (e) structures for F(4,1); (f) structures for F(4,2).
circle-damage is imposed at the midpoint, whose thick-
ness is decreased by 1 mm and width is 4 mm. The
circumferential position of the damage lies in the do-
main between P1 and P5 as shown in Fig. 3. Consid-
ering the average speed of the guided wave, the total
time for calculation is 0.4 μs and the time step is 1.2 μs,
i,e, the sampling period is 1.2 μs in this case study, so
the sample points are total to 459.
Fig. 3. The damaged pipe mode and the excited location
and probe location.
It is interesting to discuss the frequency components
of the signal with respect to variation of time t. This
is called time-frequency analysis, which is usually pre-
sented by the time-frequency distributions (TFD). In
early stage, there was a simple and intuitive solution
for time-frequency analysis consisting of pre-windowing
the signal around a particular time t, calculating its
Fourier transform, and repeating that for each time in-
terval, which is called as short-time Fourier transform
(STFT). But STFT presents two main drawbacks: one
is derived from the Heisenberg uncertainty principle,
which states the impossibility of having perfect reso-
lution in both time and frequency simultaneously. The
other is that there is a heavy inﬂuence of the intersected
item when multi-component signals are analyzed. To
solve this problem, diﬀerent TFD have been prompted.
One is Margenau-Hill distribution which belongs to the
Cohen TFD and is deﬁned as8
MHx(t, ω) = [x (t)X∗(ω)e−j2πωt] (6)
where [•] denotes the real part. However, the
Margenau–Hill interference terms never approach zero
too. The Margenau–Hill distribution is adopted in
many applications because of its reduced computational
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Fig. 4. The Pseudo Margenau-Hill distribution of the intercepted echo signal from the damage recorded by the odd number
probes.
complexity. Good cross-term rejection characteristics
can also be obtained using the pseudo Margenau–Hill
distribution (PMHD), which depends on a smooth win-
dow. In this paper, the PMHD is used to analysis the
ultrasonic guided wave signal. The damage in the pipe
could induce an asymmetric cross-section. Therefore,
the guided waves would experience mode conversion and
generate lead mode and lag mode besides itself when
they encounter the damage-section. This property is
clearly exhibited in PMHD. Now, we focus on the echo
by the damage, which is the intercepted signal from the
time history of the nodes as the probes. And the in-
tercepted length is from 121 to 249 for sample points.
Fig. 4. shows the PMHD of the 8-echo-signal from the
damage recorded by the odd probes. It is attractive
because there are the same and diﬀerent properties in
PMHD for each signal. For example, there is high en-
ergy between sampling points 187 to 214 for every sig-
nal. That is to say the excitation mode guided wave
is mainly focused on the time-interval. The location of
the damage could be evaluated by the arrival time of
the guided wave.
On the other hand, the conversion modes, lead
mode and lag mode, are diﬀerent among the signals.
For the lag mode, the high energy occurs only on p1,
p3, p5 and p15. They are the same in the circumfer-
ential position as the damage. For the lead mode, the
high energy occurs alternatively on each signal. As a re-
sult, the distribution of the lag mode could be used to
locate the circumferential location of the damage. For
this purpose, we ﬁrstly deﬁne the intensity of the signal
by:
E(S) =
n∑
i=1
S2i . (7)
From Eq. (7), the normalized energy of the lag mode
for each signal could be calculated, and its results are
plotted in Fig. 5. Obviously, the curve is symmetric
with its symmetric axis being the line connecting the
damage center and the section center. The energy dis-
tribution of the lag mode has good agreement with the
damage. As a result, the circumferential position of the
damage could be identiﬁed from the lag mode guided
wave.
The ultrasonic guided wave technique is an ad-
vanced method, which can scan the whole structure
rather than scan point by point using the traditional
NDT techniques. In this paper, the method of damage
detection is developed for bimetal composite pipes.
Mode analysis of the pipe is used to predict roughly
the manner of the wave propagation. And then, an ex-
ample of how to identify 1/4-circle damage with 4 mm-
width and 1 mm-depth illustrates the feasibility of
the method. The Pseudo Margenau-Hill distribution
(PMHD) is adopted to analyze the echo signals. The
mode conversion, which induces lead mode and lag
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Fig. 5. Intensity distribution of the lag mode in circumfer-
ential direction.
mode produced by the damage, is clearly seen from the
PMHD. Thus, the longitudinal location of the damage
could be identiﬁed from the excited mode of the guided
wave, while the circumferential location could be found
from the wave propagation in the lag mode, as shown
in the simulation.
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